We report the experimental demonstration of an abnormal, opposite anti-crossing effect in a photon-magnon-coupled system that consists of an Yttrium Iron Garnet film and an inverted pattern of split-ring resonator structure (noted as ISRR) in a planar geometry. It is found that the normal shape of anti-crossing dispersion typically observed in photon-magnon coupling is changed to its opposite anti-crossing shape just by changing the position/orientation of the ISRR's split gap with respect to the microstrip line axis along which ac microwave currents are applied. Characteristic features of the opposite anti-crossing dispersion and its linewidth evolution are analyzed with the help of analytical derivations based on electromagnetic interactions. The observed opposite anti-crossing dispersion is ascribed to the compensation of both intrinsic damping and coupling-induced damping in the magnon modes. This compensation is achievable by controlling the relative strength and phase of oscillating magnetic fields generated from the ISRR's split gap and the microstrip feeding line. The position/orientation of an ISRR's split gap provides a robust means of controlling the dispersion shape of anti-crossing and its damping in a photon-magnon coupling, thereby offering more opportunity for advanced designs of microwave devices. a) Correspondence and requests for materials should be addressed to S.-K. K sangkoog@snu.ac.kr 2
I. INTRODUCTION
Understanding and exploiting the interactions of excited modes in hybrid quantum systems are the key to building large-scale artificial many-body quantum systems such as quantum computers, quantum communication networks, and quantum simulators [1] [2] [3] .
Therefore, collectively excited modes (i.e., magnons) in ferromagnets or ferrimagnets, being coupled to elementary excitations of electromagnetic waves (photons), have increasingly been studied in a variety of hybrid structures of two or more different systems [4] [5] [6] [7] [8] [9] [10] [11] [12] . In particular, the rapid development of both spintronics and the design/fabrication technologies of microwave resonators has stimulated further studies of photon-magnon coupling using a low-damping magnetic material, e.g., yttrium iron garnet (YIG: Y3Fe5O12), and high-quality microwave resonators [13] [14] [15] [16] [17] [18] [19] [20] [21] . In earlier studies, the interaction (coupling) between the photon and magnon modes usually has been demonstrated by showing the modes' splitting at and near their common resonant frequency within the so-called anti-crossing or the level repulsion of two coupled modes [13] [14] [15] [16] [17] [18] [19] [20] [21] . The energy split-gap in such anti-crossing increases with the modes' coupling strength, as described well by a classical model for coupled oscillators [13, 14, [16] [17] [18] [19] 21] and also by a two-level quantum model [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
The level attraction has been theoretically predicted in coupled modes [22] [23] [24] [25] [26] [27] [28] . If the off-diagonal term of the Hamiltonian of a coupled system contains an imaginary part, the eigenfrequency of the coupled modes becomes complex and the corresponding real component pulls towards each other to meet. This level attraction can be achieved using coupled oscillators of positive and negative energy [22] [23] [24] , as recently demonstrated successfully in quantum optomechanical systems [27, 29] at a temperature of less than 50 mK using a complicated experimental setup wherein a nano-mechanical oscillator is dispersively coupled to a driven optical cavity [27, 29] . Similar anti-crossing behavior has been observed in plasmonic nanostructures due to either near-field or far-field coupling [30] [31] [32] . An alternative example is coupling between two modes of a non-Hermitian Hamiltonian, which interaction is also referred to as dissipative coupling (or external-mode coupling) [27] [28] [30] [31] . Although these effects are potentially applicable in the fields of topological energy transfer, quantum sensing, and nonreciprocal photon transmission [28, 29, 33] , they have yet to be explored in photon-magnon-coupled systems. Despite Grigoryan et al. ' s [34] report of a theoretical framework for observation of such level attraction in a spin-photon system, this
phenomenon has yet to be found experimentally, other than in the recent study of Harder et al. [28] .
Herein we report an experimental demonstration of abnormal, opposite anti-crossing phenomenon in a photon-magnon-coupled system that consists of an inverted pattern of split ring resonator (hereafter noted as ISRR) and a YIG film. The planar, hybrid ISRR-YIG system is more suitable for practical applications than are three-dimensional (3-D) complex systems [35] . This work is not only of fundamental interest with respect to the nonlinear phenomenon of dissipative quantum systems but also offers a platform for exploring the underlying physics of coupling in a variety of hybrid systems including magnon-phonon, plasmon-magnon, and exciton-photon coupling [9, 20] .
II. EXPERIMENTAL DETAILS
The present experimental setup for photon-magnon coupling measurements of the ISRR-YIG hybrid is shown in Fig. 1 , wherein the ISRR on the ground plane (dark yellow) excites a microwave photon mode to be coupled to the magnon modes in the YIG film (green color). The dimensions of the ISRR and the YIG film are exactly the same as those reported earlier [18] . We designed and fabricated two different samples: the split-gap position of the ISRR was placed on the x-axis (case-I) and the y-axis (case-II), as shown in the inset of Fig. 1 .
The details on the fabrication of the ISRRs and the measurement of photon-magnon coupling are available in Ref. [18] .
III. RESULTS AND DISCUSSION
From the two different orientations of the ISRR's split gap in the ISRR-YIG hybrid, we experimentally measured the transmission coefficient S21 spectra as a function of the microwave frequency ( 2 f ω π = ) of oscillating currents flowing along the microstrip line (on the y-axis) for different strengths H of static magnetic fields applied along the x-axis.
From the observed spectra, we replotted the S21 power on the strong coupling between the YIG's magnon and the ISRR's photon modes, for case-I, the normal shape of anti-crossing dispersion was found, which represents two higher and lower coupled branches around the resonant frequencies of the FMR mode and the photon mode (see Fig. 2(a) ). On the other hand, for case-II, an abnormal anti-crossing dispersion was observed, as shown in Fig. 2(b) . Quite recently, such abnormal anti-crossing dispersion was also experimentally observed, but in complex cavity optomechanical systems at a very low temperature below 50 mK [27] .
To quantitatively analyze the similarity and difference of such experimentally observed normal and abnormal dispersion shapes that vary only with the position/orientation of the ISRR's split gap, we made analytical derivations based on electromagnetic interactions (Faraday's induction and Ampere's circuit laws) between the YIG film and the ISRR. The hybrid system used in this study consists of three different physical systems: 1) the microstrip line to excite the magnon and photon modes as well as to probe those coupled modes; 2) the YIG, and 3) the ISRR wherein the magnon and photon modes are to be excited respectively.
In our analytical derivations, we considered all the three interactions, namely between ① and ②, ① and ③, and ② and ③. The ISRR was lying on the x-y plane, and ac currents were applied along the microstrip line placed on the y-axis. [12, 15, 19] , β was estimated to be ~2.0 × 10 −2 using experimentally observed data from only the ISRR without a YIG film (see Supplementary S2).
For the YIG only, the oscillating magnetic field created (via Ampere's circuit law) by the ac currents flowing along the microstrip line can directly stimulate magnetization excitations in the YIG film, as described by the Landau-Lifshitz-Gilbert (LLG) equation [28, 34] eff 
. The total induced voltage in the ISRR is thus 
Additionally, according to the action and reaction law, the ISRR's induced currents also create a strong microwave magnetic field around the ISRRs' split gap. This field, in turn, contributes to the excitation of magnetizations in the YIG [16, 28, 34] . Thus, the magnetizations in the YIG are influenced by the effective field, which is the sum of two timedependent magnetic fields is the coupling parameter that determines the phase relation between the ISRR photon and YIG magnon modes due to Ampere's law. To obtain the simultaneous solutions of Eqs. (4) and (5), the matrix form is rewritten as ( )
The determinant of Ω is expressed as ( h are out of (π) phase [34, [36] [37] [38] .
In order to understand such contrasting anti-crossing dispersions experimentally observed for the case I and case II geometries, we formulated a simple analytical expression for both dispersion curves in an anti-crossing region in our experimental case of 
( )
where Δ is the net coupling strength at Eq. (7). We note that for the opposite anti-crossing, we obtained only the imaginary value of Δ, whereas for the normal anti-crossing, the real value of Δ. Therefore, the real and imaginary values for Δ characterize the normal and the opposite anti-crossing dispersions, respectively.
According to Eq. (7b), the real and imaginary numbers of Δ are the cases of ( ) In order to examine how δ and φ determine anti-crossing behaviors, from Eq. (6) we further numerically calculated the complex eigenvalues of two coupled modes, i.e.,
E i
ω ω ± ± ± = − ∆ , where ω ± and ω ± ∆ represent the dispersion shape and the linewidth evolution of the coupled modes, respectively [7, 10, 12, 16] . In this numerical calculation, we ∆ cross each other at cent H (bottom of Fig. 3(a) ). This behavior is ubiquitous from solid-state theory to quantum chemistry when certain energies are transferred mutually (reciprocally) between one and the other in a variety of coupled systems as reported in Refs.
[23, [39] [40] . On the other hand, for the case of (δ, φ ) = (2, π), ω + and ω − provide the energies of their states that attract each other and nearly meet at two points noted as P1 and P2, where the curves have kinks (marked by the vertical dotted lines in Fig. 3(b) ), while ω + ∆ and ω − ∆ are found to be repulsive (they do not cross each other), as shown in bottom of Fig. 3(b) .
Interestingly, the real parts ω + and ω − of the calculation results for two cases of (δ, φ ) = (1 2 , 0) and (2, π) are similar to the experimentally observed dispersion spectra (Fig. 2) for the case-I and case-II geometries of ISRR's split gap, respectively. When φ = 0, δ < 1 Next, in order to further examine the anti-crossing effect versus δ and φ , we numerically calculated |S21| using input-output formalism [10, 12, 16, 19, 34] , as given by
where j is the ac current of the microstrip line and Γ ≈ 2β for the ISRR-YIG hybrid/cable impedance mismatch [7, 34] . Then, using Eq. In earlier studies on non-Hermitian and optomechanical systems, it was shown that the presence of damping might affect the anti-crossing dispersion [27, 40] . The eigenvalues of non-Hermitian Hamiltonian can show the crossing (opposite anti-crossing) or anti-crossing type of dispersion for any coupling strength, depending on the difference in damping between two different systems [27, 40] . To explore the role of each damping in a strongly coupled photon-magnon system and how each damping together with φ and δ affects the net coupling strength, we derived a generalized analytical form for net coupling strength using Eq. (6) (for details, see Supplementary S7) as given by
The real and imaginary value of ' ∆ is determined by the sign of ( ) ( ) , the anti-crossing dispersion is not much varied with α and β, but rather is determined dominantly by φ and δ. Under this condition, Eq. (7) represents that the net coupling strength can be obtained directly from the dispersion spectra. However, for the case of geom ∆ ~ mat ∆ , it leads to ' 0 ∆ ≈ ; thus, the frequency gap in the dispersion spectra disappears. It has been reported that this type of dispersion is referred to as crossing or weak coupling in other coupled systems [23, 32, 40] . On the other hand, for the case of geom
∆ should be imaginary, resulting in always opposite anti-crossing dispersions.
Therefore, for the last two cases, the net coupling strength can be determined by the full expression of Eq. (9). Thus, both terms of In earlier studies of optomechanical systems, the level attraction usually was achieved by controlling the dissipation rate (i.e. damping) of individual systems [27] , i.e., using the intrinsic term mat ∆ . However, in the present study, we explored the effect of the geometry term geom ∆ (i.e., both φ and δ) on the dispersion type of photon-magnon coupling in the YIG/ISRR hybrid system. In this study, the good agreements between the analytical derivation/numerical calculations and experimental observations suggest that a means of controlling both φ and δ would make for great potential applications in informationprocessing technologies.
IV. CONCLUSIONS
In conclusion, an experimental demonstration of the abnormal opposite anti-crossing dispersion (or level attraction) was achieved at room temperature by using a photon-magnoncoupled system that consists of a YIG film and specially designed ISRR structures in the planar geometry. The anti-crossing effects, including the dispersion type, the linewidth, and the net coupling strength of the two coupled modes, are remarkably variable and controllable by changing the relative strengths and phases of the oscillating magnetic fields generated The numerical simulation results show that the spatial distributions of the surface current density in the ground plane (see Fig. S2 ) are affected by the ISRR's resonance photon modes as excited by ac currents flowing through the microstrip line. 
S2. Estimation of damping constant in ISRR
The damping in the ISRR structure was obtained using 
S3. Analytical forms of real and imaginary parts of S21
The real and imaginary parts of the transmission coefficient S21 shown by Eq. (8) in the manuscript can be rewritten as 
Finally, we have higher (ω+) and lower (ω-) frequencies of the two coupled modes, as given
Next, we define the net coupling strength 
